Plasminogen is the precursor of the human protease plasmin and is abundant in human plasma and extracellular fluids. It is converted to the active, proteolytic form plasmin by eukaryotic activators such as tissue-type plasminogen activator (tPA) and urokinase. tPA is the principal activator in plasma and intercellular fluid, and its action is due to proteolytic cleavage of plasminogen. Plasminogen activation by tPA proceeds poorly in solution but is dramatically enhanced by immobilization of plasminogen on fibrin, eukaryotic tissue surfaces, or certain bacterial cells. Immobilization of plasminogen is a key determinant in the control of plasminogen activation as well as of the formed plasmin activity (reviewed in reference 37). The immobilization is mediated by five kringle domains of plasminogen which bind to lysine-containing domains on the target proteins; immobilization on receptor proteins is associated with dramatic conformational changes in the plasminogen molecule (27) . The bound plasminogen is more susceptible to tPA-mediated activation and, on the other hand, is more resistant to the physiological inhibitors of activation and of the formed plasmin activity. Plasmin is a trypsin-like serine protease with a broad substrate specificity and functions in, e.g., the degradation of fibrin (fibrinolysis) and of noncollagenous proteins of the extracellular matrix (ECM), in activation of latent procollagenases, and in penetration of basement membranes (BM) by metastatic cancer cells (for reviews, see references 4, 30 and 37).
Several gram-positive and gram-negative invasive bacterial pathogens have been found to express a plasminogen receptor (PlgR) function (1, 8, 19, 20, 32, (41) (42) (43) . These bacteria immobilize plasminogen on their cell surfaces and enhance the tPAcatalyzed plasminogen activation. In essence, the bacterial PlgRs function to generate proteolytic activity on the bacterial surface by utilizing a host-derived proteolytic system. To date, only a few bacterial PlgR molecules have been identified. The S fimbriae in Escherichia coli and the curli, or thin aggregative fimbriae, in Salmonella enterica have been identified as PlgRs (32, 39) . The M53 protein of group A streptococci and flagellar antigens of E. coli have been found to have plasminogen-binding characteristics (1, 23 ). An outer cell surface lipoprotein functions as a PlgR in Borrelia burgdorferi (8) . In addition, a plasmin receptor of group A streptococci has been identified as a surface-bound glyceraldehyde 3-phosphate dehydrogenase (24, 31) .
Bacterial enzymes acting directly on mammalian ECM or activating latent procollagenases exist but are not frequently expressed by invasive, pathogenic species (9, 11) . Because plasmin degrades noncollagenous proteins of ECM, such as laminin, and activates latent procollagenases, it has been proposed that one function of bacterial PlgRs is to potentiate bacterial damage to and bacterial spread through tissue barriers, such as BM. This hypothesis (17) was based on findings that adhesiveness to BM (reviewed in reference 45) and expression of the PlgR function (reviewed in references 2 and 25) are shared by a number of invasive bacterial pathogens. Furthermore, it is supported by experimental evidence recently obtained in vitro with S. enterica (21) and with Haemophilus influenzae (44) . These two bacteria penetrate in vitro through a reconstituted BM with the help of bacterium-bound plasmin activity. Plasminogen has also been shown to potentiate bacterial transcytosis across an epithelial cell monolayer (47) and, in experimental infections, to enhance spirochetemia by B. burgdorferi in mice (3). S. enterica serovar Typhimurium SH401, used in this study, adheres to the high-mannose chains of laminin as well as to reconstituted BM, and the adherence is mediated by the type 1 fimbriae (18) . Typhimurium SH401 also expresses PlgR activity, and it has been demonstrated that plasmin bound on the surfaces of SH401 cells degrades laminin and potentiates bacterial penetration through BM (21) . Other studies have described the G (34) or F17 (6) fimbriae on uropathogenic and septicemic enterotoxigenic E. coli that bind to terminal Nacetyl-D-glucosamine residues on glycoproteins, such as laminin of BM (36) . We report here that both fimbrial types also exhibit the PlgR function.
MATERIALS AND METHODS
Bacteria. S. enterica serovar Typhimurium SH401 (18, 21) and the nonfimbriated recipient E. coli strain LE392 (5) were available from previous work. E. coli IHE11088(pRR-5), expressing the G fimbria gene cluster from a uropathogenic E. coli O2 isolate, and IHE11088(pHUB110), expressing a mutated gene cluster, have been described (34, 36) . pHUB110 contains a 6-bp deletion within the coding region of the gafD gene, resulting in G-fimbrial filaments lacking the GlcNAcbinding property. The G fimbriae were expressed in the IHE11088 background because in K-12 derivatives the lectin activity of the G fimbria causes autoaggregation of E. coli cells (34) . The strains were cultivated in Luria broth or on Luria agar plates, which were supplemented with antibiotics in the case of the recombinant strains.
DNA techniques. Construction of a cosmid library in plasmid pHC79 from partially Sau3AI-digested Typhimurium genomic DNA, DNA hybridization, subcloning of the fim gene cluster, and DNA manipulations were performed by standard procedures (38) .
Plasminogen binding and activation assays. The binding of plasminogen to purified fimbriae was measured by time-resolved fluorometry (essentially as described in references 19, 21, and 23). The type 1 fimbriae were purified from S. enterica SH401 and the recombinant E. coli and the G fimbriae were purified from E. coli IHE11088(pRR-5) by using deoxycholate and concentrated urea (16) . We used the fimbriae at a concentration of 10 g per ml, human Gluplasminogen (Biopool, Umeå, Sweden) at 10 or 50 g/ml, and, in inhibition tests, ε-aminocaproic acid (EACA) (Sigma) at 10 mM. To assess the binding of plasminogen to bacterial cells, Glu-plasminogen was labeled with 125 I (Amersham, Little Chalfont, Buckinghamshire, United Kingdom) by the Iodogen method (28) . The activities obtained were 6 ϫ 10 5 cpm/g of plasminogen (the preparation used with the type 1 fimbriae) and 2 ϫ 10 6 cpm/g (the preparation used with the G fimbriae). Binding of 125 I-plasminogen to bacterial cells was assessed as described previously (19, 23) . We used 2 ϫ 10 9 cells and 0.2 g of plasminogen in the assay; the inhibition assays were performed with 4 mM EACA.
The ability of the purified fimbriae to enhance plasmin formation by tPA was measured as detailed earlier (23) . Purified fimbriae were tested at 10 to 100 g/ ml; bovine serum albumin (BSA), a negative control, was tested at 100 g/ml; and laminin (Upstate Biotechnology, Lake Placid, N.Y.), a positive control, was tested at 10 g/ml. Control assays included tests from which plasminogen or tPA was omitted. The ability of bacterial cells to enhance plasmin formation was measured as detailed elsewhere (21, 23, 32) . We used a bacterial density of 4 ϫ 10 8 per ml, plasminogen was tested at 20 g per ml, tPA was tested at 50 ng per ml, the chromogenic substrate S-2251 was tested at 0.45 mM, and EACA was tested at 0.4 mM, in a test volume of 200 l. Results from the activation assays are given as data from a representative assay with duplicate independent samples; the range of individual test results was within Ϯ10% of the mean.
Other tests. Mannose-sensitive yeast cell agglutination (14) , agglutination tests with an antiserum raised against purified type 1 fimbriae of S. enterica serovar Typhimurium (15) , and electron microscopy of negatively stained recombinant cells (16) were used to assess expression of the type 1 fimbriae of S. enterica SH401. Bacterial agglutination in an antiserum raised against the type 1 fimbriae of E. coli (16) was assessed as a negative control. The expression of the G fimbriae was confirmed by hemagglutination of endo-␤-galactosidase-treated human erythrocytes and by bacterial agglutination in an antiserum raised against the purified G fimbriae (34) .
RESULTS
Binding of plasminogen to the type 1 fimbriae of S. enterica. It has been shown that strain SH401 of S. enterica serovar Typhimurium expresses PlgR activity (21) . A recombinant strain harboring a cosmid with a 40-kb fragment of SH401 DNA and strongly enhancing tPA-mediated plasminogen activation was isolated and named E. coli LE392(pMK1). The strain agglutinated yeast cells in a mannose-reversible manner, expressed fimbriae as determined by electron microscopy, and was agglutinated in an antiserum raised against the type 1 fimbriae of S. enterica but not in an antiserum against the type 1 fimbriae of E. coli (data not shown), indicating that the recombinant strain LE392(pMK1) expressed the type 1 fimbriae of Typhimurium SH401. Furthermore, the restriction map of pMK1 (data not shown) showed the presence of a 12.5-kb SphI fragment similar to that identified by Purcell et al. (33) and shown to carry the fim cluster of Typhimurium. To test the function of the type 1 fimbria of S. enterica as a PlgR, we subcloned the SphI fragment from pMK1 into plasmid pUC19, obtaining plasmid pMK25, and expressed the SH401 fimbriae for binding and activation experiments in the nonfimbriated strain E. coli LE392.
Binding of plasminogen to E. coli LE392(pMK25) is shown in Fig. 1 . The strain LE392(pMK25) bound plasminogen three times more efficiently than did E. coli LE392(pUC19) carrying the vector plasmid alone (Fig. 1) . It has been shown (23) that the flagella of E. coli LE392 bind plasminogen, and it is likely that the activity seen with the nonfimbriated strain LE392 (pUC19) resulted from the binding of plasminogen to the flagella. Binding of plasminogen to both strains was inhibited by 4 mM EACA to the background level seen in tests performed without added bacteria; EACA is a lysine analog and a wellcharacterized binding inhibitor of the kringle domains of plasminogen (37) . Plasmin has a higher affinity than plasminogen for lysine-containing target proteins (19) . To exclude the possibility that the observed binding to LE392(pMK25) cells was induced by plasmin possibly present in the plasminogen preparation or formed during the assay, we also performed the binding experiments in the presence of 150 kIU of aprotinin, an inhibitor of plasmin activity (25) . The presence of aprotinin did not decrease the binding of plasminogen to LE392(pMK25) or LE392(pUC19) cells; on the contrary, a slight increase was observed ( Fig. 1) .
We next assessed whether the fimbriated recombinant E. coli strain enhanced tPA-catalyzed plasminogen activation. In different experiments, strain LE392(pMK25) caused a 5-to 10-fold enhancement in plasmin formation by tPA, compared to the activation seen in buffer alone, whereas the strain LE392 (pUC19) caused only a 2-fold increase in the activation (Fig.  2) . With both bacterial strains, EACA decreased plasmin formation close to the level seen in buffer without bacteria. Control experiments in the presence of LE392(pMK25) or LE392 (pUC19) cells showed that no plasmin was formed if either plasminogen or tPA was omitted from the suspensions (Fig. 2) .
To confirm the function of the type 1 fimbria of S. enterica SH401 as a PlgR, we tested the capacity of purified fimbriae to bind plasminogen. The purified fimbriae efficiently bound plasminogen (Fig. 3) . The binding was dependent on the concentration of plasminogen used in the assay and was inhibited by EACA to a level close to the background level seen with immobilized BSA. At 10 g/ml, the type 1 fimbriae caused a 100-fold enhancement of the tPA-catalyzed activation compared to the activation in phosphate-buffered saline containing only plasminogen and tPA (Fig. 3) . The enhancement was dependent on the concentration of the type 1 fimbriae (data not shown). BSA at 100 g/ml caused only a marginal enhancement of the tPA-catalyzed activation. The formation of plasmin activity in the presence of the fimbriae was greatly decreased when 0.8 mM EACA was added to the protein mixture, again indicating that the immobilization of plasminogen on the purified fimbriae was necessary for the observed enhancement. No difference was observed between the type 1 fimbriae purified from the wild-type strain S. enterica SH401 and those purified from the recombinant E. coli strains (data not shown). The formation of plasmin on the bacterial cells or on the purified fimbriae was not affected by the addition of 2.5 mM ␣-methyl-D-mannoside into the suspension (data not shown).
Function of the G fimbria of E. coli as a PlgR. Because the G-fimbriated, uropathogenic E. coli strain IHE11165 expresses PlgR activity (data not shown), we tested the binding of plasminogen to the G-fimbriated recombinant strain E. coli IHE11088(pRR-5). To evaluate the role of the fimbrial lectin activity, the test also included the strain IHE11088(pHUB110), expressing G-fimbrial filaments deleted in frame for the amino acids Gly-94 and Thr-95 of the GafD lectin subunit and lacking the GlcNAc-binding property (34) . Both G-fimbriated strains bound plasminogen and the plasminogen-aprotinin complex more efficiently than did the nonfimbriated strains IHE11088 (Fig. 4) and IHE11088(pACYC184) (data not shown). Again, the binding of plasminogen was inhibited by a small amount of EACA.
The E. coli strain IHE11088(pRR-5), expressing G fimbriae, and the strain IHE11088(pHUB110), expressing nonadhesive G fimbriae, enhanced plasmin formation compared to the activation seen in the presence of IHE11088 (Fig. 5) or IHE11088(pACYC184) (data not shown) cells lacking fimbriae. In the presence of EACA, the formation of plasmin was inhibited and no endogenous plasminogen activation was detected. The wild-type G fimbriae from E. coli IHE11088(pRR-5) and the mutated G fimbriae from IHE11088(pHUB110) both bound plasminogen and enhanced the tPA-catalyzed plasmin formation in an EACA-inhibitable manner (Fig. 6 ). Tested at 10 g/ml, the ability of the G fimbriae to enhance the tPAcatalyzed plasminogen activation was similar to that shown by laminin, a characterized ECM target for plasminogen binding (Fig. 6) . 
DISCUSSION
Our results demonstrate that the type 1 fimbriae of S. enterica serovar Typhimurium as well as the G fimbriae of E. coli function as PlgRs. This was inferred from two lines of evidence. First, the purified fimbriae efficiently bound plasminogen and enhanced tPA-mediated activation of plasminogen. Second, expression of both fimbria gene clusters in E. coli resulted in enhanced plasmin formation and plasminogen binding. Our results also give evidence that the carbohydrate-binding activity of the fimbriae is not involved in the interaction with plasminogen.
A similar enhancement of plasminogen binding and of tPAmediated activation was observed with the complete G fimbriae and with the mutated fimbriae lacking GlcNAc binding. This indicates that the plasminogen binding and acquisition of a correct formation for tPA-mediated activation are not dependent on the lectin activity of the G fimbria. The mutated GafD lectin subunit encoded by pHUB110 is expressed in a few copies in the G-fimbria filament, similarly to the wild-type GafD lectin (35) . Furthermore, we found that the receptor analog for the type 1 fimbriae, ␣-methyl-D-mannoside, had no effect on plasmin formation. In contrast, the binding and activation processes observed with both fimbrial types were efficiently inhibited by a low concentration of the lysine analog EACA. This indicates that the fimbria-plasminogen interactions follow the general mechanism of plasminogen-receptor interactions that involve the lysine-binding kringle domains of plasminogen (27, 37) . The results thus indicate that the fimbrial filaments are functioning as targets in their interaction with plasminogen.
The expression of S. enterica fim genes on the plasmid pMK25 as well as of the gaf gene cluster on the plasmids pRR-5 and pHUB110 enhanced binding and activation of plasminogen on recombinant E. coli cells. These results indicate that the fim and the gaf gene clusters are sufficient to confer plasminogenbinding capacity on bacterial cells. The variable and seemingly lower PlgR activity exhibited by the recombinant strains, compared to that shown by the purified fimbriae, most likely resulted from fimbrial phase variation, which rendered the bacterial cell population heterogeneous in regard to fimbriation. The type 1 and the G fimbriae are not the only surface appendages of Salmonella or E. coli that have the capacity to bind plasminogen and enhance its activation by tPA. Curli, or thin aggregative fimbriae, have also been identified as PlgRs (39) . We have not detected any expression of curli by Typhimurium strain SH401 under the growth conditions we used. Additionally, other research (23) indicates that the flagella of S. enterica also function as PlgRs. Finally, PlgR activity is associated with the S fimbriae of meningitis-associated E. coli (32) . It is notable that many of the identified bacterial PlgRs are filamentous structures, such as fimbriae, flagella, or M proteins (1), which bear morphological similarity to fibrin, a major eukaryotic target for plasminogen binding and plasmin activity (37) . On the other hand, it is apparent that not all fimbrial filaments express PlgR activity (e.g., PlgR activity in P-fimbrial variants occurring on human uropathogenic E. coli has not been detected [13] ). A detailed comparison of the various enterobacterial fimbrial types in regard to PlgR function, however, has not been performed. Furthermore, our knowledge of the fimbrial subunits and of amino acid sequences recognized by plasminogen is very limited (32) . Overall, the binding of plasminogen to lysine and lysine analogs is well characterized (27) , but other structural requirements for PlgR activity have remained poorly defined. A plasminogen-binding 13-to 16-mer repeat domain has been identified in the PAM surface protein of group A streptococci (46) ; this sequence, however, exhibits no significant identity to the sequences of the major and minor fimbrial subunits of this study. Our present results indicate that the lectin activity of fimbriae is not involved in the PlgR function; however, this does not rule out the possibility that certain regions of the FimH or the GafD adhesins are physically involved in plasminogen binding.
It has been shown that PlgRs on the surfaces of Typhimurium SH401 cells function under physiological conditions to create bacterium-bound plasmin activity that can be targeted at laminin and BM (22) , which are adhesion targets for the fimbriae used in this study (18, 36) . Adhesion to laminin and activation of plasminogen and other latent proteases are important in tumor cell invasion through tissue barriers (4, 30) . In vitro evidence has been presented in favor of the hypothesis that these characteristics also contribute to bacterial penetration through BM; this process has been termed bacterial metastasis in an analogy to the behavior of metastatic tumor cells (21, 44) . The contribution to virulence of our present findings still needs to be assessed in vivo. To date, the role of plasminogen activation in vivo has been tested in two animal models. The plasminogen activator surface protein was found to enhance the spread of Yersinia pestis into circulation (40) , and plasminogen activation was required for dissemination of B. burgdorferi in the tick vector and for enhancement of spirochetemia in mice (3). Interestingly, both of these bacterial species also express ECM-and BM-binding properties (10, 12, 21) . In particular, research that associates the expression of the plasminogen activator of Y. pestis with an increased adhesiveness to laminin (22) stresses the common occurrence of laminin adherence and PlgR function in invasive enterobacterial pathogens. BMs are considered to function as reservoirs for plasminogen, metalloproteinases (collagenases), and plasminogen activators (7, 26, 29) . Hence, a close association of bacteria with BM in tissues might bring them to a microenvironment where formation and targeting of plasmin activity can effectively promote bacterial metastasis. The major finding of the present study is a physical link between adhesiveness to tissues and immobilization of plasminogen on a surface filament of two invasive bacterial pathogens.
